Several studies have explored plant nutrient acquisition during ecosystem succession, but it remains unclear how age affects nitrogen (N) acquisition by the same tree species. Clarifying the age effect will be beneficial to fertilization management through improving N-use efficiency and reducing the risk of environmental pollution due to NO 3 − leaching. To clarify the effect of age on N uptake, rubber (Hevea brasiliensis (Willd. ex A. Juss.) Muell. Arg.) plantations of five ages (7, 16, 24, 32 and 49 years) were selected in Xishuangbanna of southern China for brief 15 N exposures of intact roots using field hydroponic experiments. 15 Nlabeled NH 4 + , NO 3 − or glycine were applied in this study. All targeted rubber trees uptake rates followed an order of NH 4 + > glycine > NO 3 − . As age increased, NH 4 + uptake increased first and then decreased sharply, partly consistent with the pattern of soil NH 4 + concentrations. Uptake of glycine decreased first and then increased gradually, while no significant change of NO 3 − uptake rates existed with increasing age. Overall, rubber trees with ages from 7 to 49 years all showed a preference for NH 4 + uptake.
Introduction
Nitrogen (N) is a major nutrient limiting plant growth in many terrestrial ecosystems (Chapin et al. 1994, LeBauer and Treseder 2008) . Clarifying the factors controlling N uptake of plants is crucial to understand how plants acquire N from soils under N-limited conditions. Among various factors, successional stage or tree age is important because of fundamental changes in 2017). Most of these studies investigated different plant species across successional trajectories to explore plant N uptake patterns (Bazzaz 1975 , Kalamees and Zobel 1998 , Purschke et al. 2013 , Zhu et al. 2013 ). However, it remains largely unknown how tree age affects soil N uptake by the same plant species (Li et al. 2016) .
Trees can have different root physiology and exudation patterns at different ages, including changes in rhizosphere effects on soil nutrient transformations (Ryan et al. 1997) . Generally, young trees spend a larger fraction of nutrients and carbon to increase root length and surface, while old trees allocate more nutrients and carbon to reproduction (Chapin et al. 1994, Saulnier and Reekie 1995) . As a result, plant N requirement and soil nutrient supply may change with tree age. Clarifying soil N acquisition by the same plant species with increasing age will further improve understanding of the importance of age in nutrient cycling in terrestrial ecosystems. In this respect, chronosequences are a highly suitable approach, which has been applied to explore the accumulation of soil organic carbon and nutrients with ecosystem age Woodcock 2003, Irvine et al. 2004 ) as well as ecosystem succession including vegetation and soil development (Walker et al. 2010) .
Rubber tree (Hevea brasiliensis (Willd. ex A. Juss.) Muell. Arg.) is a typical evergreen and important economic tree species in tropical south Asia and southeast Asia, containing around 81% of the world's rubber trees (FAO 2010) . Nowadays, rubber has been introduced and planted widely in Xishuangbanna, currently representing~6% of the global rubber production. A series of monoculture rubber plantations were established to produce rubber latex driven by economic profit in the past decades. This provides an opportunity to examine how age affects N uptake by rubber. In this study, rubber plantations of 7, 16, 24, 32 and 49 years of age were selected in the same region with similar topography. Normally, rubber will be tapped starting from~8 years age for economic value. Due to collecting the latex, a proportion of N is lost from plantations and therefore N fertilizer is often applied to maintain a high ecosystem N status and to increase rubber production. The changing management of rubber plantations could alter the N acquisition strategy of rubber trees with age (Li et al. 2016) , though this remains unexplored so far. Clarifying N uptake patterns of rubber trees of different age is not only helpful for improving nutrient management, but is also of benefit to environmental protection as, e.g., NO 3 − leaching, can be reduced through proper fertilizer application strategies. Previous studies have demonstrated that tropical trees can take up free amino acids (FAA) from soil solution as intact molecules, with uptake rates comparable to NO 3 − (Näsholm et al. 2009 , Li et al. 2016 , Liu et al. 2017 . In this study, we used glycine to represent organic N monomers because it is one of the dominant FAA in various forest soils (Yu et al. 2002 , Liu et al. 2017 . We investigated the uptake of NH 4 + , NO 3 − and glycine to evaluate differences in uptake rates by rubber trees of increasing age. Additionally, mycorrhizal fungi have been demonstrated to enhance N acquisition by plants from soil (George et al. 1995 , Davies et al. 2001 , Hodge et al. 2001 ), e.g., arbuscular mycorrhiza (AM) can increase plant NO 3 − uptake (Ho and Trappe 1975 , Azcón et al. 1996 , Azcón and Tobar 1998 . Further evidence shows that tropical trees colonized by AM show enhanced uptake of NH 4 + , organic N and other nutrients (Aerts and Chapin 1999 , Smith and Read 2008 , Fellbaum et al. 2012 . Mycorrhizal colonization may change because the amount of carbohydrates allocated to roots and mycorrhizal fungi might shift with age (Dighton and Mason 1985) . Considering that rubber trees are colonized by AM fungi (Turnbull et al. 1996 , Bonfante and Anca 2009 , Miransari 2011 , this allows us to trace the effect of mycorrhizal colonization on plant N uptake.
The aim of the current study was to elucidate if tree age and mycorrhizal colonization rates affect organic and inorganic N acquisition in rubber trees. Higher AM colonization could enhance both organic and/or inorganic N uptake by rubber trees, as shown for other plant/tree species (Azcón and Tobar 1998 , Hodge et al. 2001 , Smith and Read 2010 , Fellbaum et al. 2012 . Additionally, previous studies showed that old trees frequently allocate more carbohydrates belowground and to mycorrhizal fungi than young trees (Dighton and Mason 1985) . This indicates that old trees could have higher mycorrhizal colonization, which could further affect their N uptake and transport. Therefore, we hypothesize that mycorrhizal colonization rates of old rubber trees are higher than those of young ones. As a result, the uptake of NH 4 + , NO 3 − and glycine by rubber trees could increase with their increasing age.
Materials and methods

Study sites and tree species
The study was conducted at the Xishuangbanna Tropical Rainforest Ecosystem Station (21°54′N, 101°46′E, 580 m above sea level), which is located in the south of the Yunnan Province in southern China. The area is characterized by a highly tropical seasonal climate affected by monsoon. In the past 20 years, mean annual air temperature in this area was~21.8°C and mean annual precipitation averaged 1493 mm. The forest is dominated by evergreen broad-leaved trees, such as Parashorea chinensis and Macaranga denticulata. Soils are lateritic red soils, developed from siliceous rocks (Wang et al. 1996 , Cao et al. 2006 ), corresponding to Eutric cambisol (World Reference Base for Soil Resources 2006). Monoculture rubber (H. brasiliensis) plantations of five different ages (7, 16, 24, 32 and 49 years) were selected to establish a plantation chronosequence. These plantations had previously planted papaya trees and were left uncultivated for several years before starting to plant rubber trees. Each rubber plantation covered an area of at least 100 m × 100 m. The production phases of the five rubber plantations varied from pre-production, to initial, high and declining production, with the canopy height and diameter at breast height increasing gradually ( N-labeled. A solution with all three unlabeled N forms was used as a control. All solutions used contained 10 mg l −1 ampicillin to minimize microbial activity and avoid decomposition of amino acids as well as 0.2 mM CaCl 2 to maintain the function and integrity of roots (Warren and Adams 2007) . Labeling was carried out in October 2014. In each rubber plantation, five trees of similar size were randomly selected as five replicates. There was~20-30 m distance between each two individuals. For each tree, four pairs of fine roots in four directions (one pair for each direction) with diameter less than 2 mm were dug out diagonally along the stem base. Fine root weights ranged from 0.05 to 0.20 g with a root length of~15 cm. Roots were dug out no more than 20 cm depth and they remained attached to the tree during the uptake experiment. Each pair of roots was gently washed with deionized water and then separately immersed in the respective labeling solutions in 15-cm-long centrifuge tubes (i.e., one of the four pairs of roots for each tree was immersed in one of the four labeling solutions). After 2 h, fine roots were excised and washed with 50 mM KCl solution for 3 min and then gently rinsed with deionized water with the aim of removing the 15 N remaining on the surface of the fine roots. Each pair of roots was kept as independent replicate. Unlabeled fine roots were also collected from the same trees. Fine roots were then dried at 70°C for 48 h to determine fine root dry mass. To measure root N contents and 15 N/ 14 N ratios by continuous-flow isotope ratio mass spectrometry (IRMS), dried roots were ground into a fine powder using a ball mill (M200, Fa. Retsch, Haan, Germany) and weighed into tin capsules. Isotope ratio mass spectrometry measurements were performed on an elemental analyzer (EA 1110, CE Instruments, Milan, Italy) connected by a ConFlo II device to the IRMS (Finnigan MAT 253, Bremen, Germany).
To investigate mycorrhizal colonization rates, additional fine roots were collected from the same tree, gently washed in deionized water and then immediately fixed in Formalin-Aceto-Alcohol solution (90 ml 50% ethanol, 5 ml 100% glacial acetic acid, 5 ml 37% methanol) at the same time (Guo et al. 2008) . Arbuscular mycorrhizal root samples were stained with acid fuchsine to have a better contrast between the fungal colonized and the non-mycorrhizal root part. Mycorrhizal colonization rates were measured by the grid line intersect method (Giovannetti and Mosse 1980) . Intersections between grid lines and roots were quantified by a dissecting microscope, which were designated as either mycorrhizal colonized or non-colonized roots. Mycorrhizal colonization rates of rubber trees are presented in Figure 2 .
Soil beneath each rubber tree was collected from 0 to 10 cm, then mixed, immediately brought to the laboratory, sieved to 2 mm and stored at 4°C for measurements of inorganic N and FAA. Fresh soil was extracted with distilled water and soil NH 4 + and NO 3 − in water extracts were measured on a Multi-Mode Microplate Detection Platform (SpectraMax Paradigm, Molecular Devices Co., Sunnyvale, CA, USA). Concentrations of glycine and other FAA (i.e., alanine, arginine, asparagine, aspartic acid, cysteine, glutamic acid, glutamine, histidine, isoleucine, leucine, lysine, methionine, phenylaniline, proline, serine, threonine, tryptophan, tyrosine and valine, 20 in total) were quantified in soil water extracts using highperformance liquid chromatography-mass spectrometry (HPLC-MS/MS API3200 Q-TRAP, Foster City, CA, USA).
Calculation and statistical analysis
Atom% 15 N excess (APE) was calculated as the difference of 15 N-labeled roots and unlabeled (control) roots for atom% 15 N. Uptake rates of each labeled N form were divided by the total sum of uptake rates from all three labeled N forms to calculate its contribution to total N uptake (uptake preference). Arbuscular mycorrhizal (AM) colonization rate was calculated as the proportion of colonized roots counts to total counts. Total FAA concentration was calculated as the sum of the total 20 kinds of FAA.
Differences in uptake rates and contributions for three N forms among five age stages were analyzed by one-way analysis of variance (ANOVA) followed by least significant difference (LSD) tests. Differences in soil N concentrations and mycorrhizal colonization rates among five age stages were also analyzed by one-way ANOVA followed by LSD tests. The effects of rubber tree age, N forms (NH 4 + , NO 3 − and glycine) and their interactions on N uptake rates were tested by two-way ANOVA. Relationships between AM colonization rate and N uptake data were tested by Pearson correlation analysis. Statistical analysis was carried out in SPSS 18 (SPSS Inc., Chicago, IL, USA) and considered as significant at P < 0.05. Figures were plotted with SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA).
Results
Significant differences were found for the uptake rates of all three N forms (P < 0.001 for NH 4 + , P = 0.001 for NO 3 − , P = 0.009 for glycine) across the different rubber tree plantation ages. Significant effects of rubber tree age on N uptake rates were not only found when tested across all three N forms, but also the interaction term between tree age and N forms, pointing to inverse shifts in uptake rates of the different N forms with age (P < 0.001, Table 2 ). Across all ages rubber trees took up NH 4 + at the highest rates (P < 0.001, ) and lowest after 24 years (3.06 ± 0.97
) ( Figure 1B ). NH 4 + uptake rates were significantly higher in young stands (7 and 16 years, >10 μg N g −1 d.w. root h ). Glycine uptake rates were intermediate compared with NH 4 + and NO 3 − . The highest glycine uptake rates were found in oldest trees (49 years: 4.46 ± 0.58 μg N g
). Total N uptake rates were calculated as the sum of the uptake rates of NH 4 + , NO 3 − and glycine. Differences in total N uptake rates were significant between plantations of different age (Figure 2 , P < 0.001). The 16-year-old rubber trees exhibited the highest total N uptake rates (18.30 ± 1.41 μg N g −1 d.w. , NO 3 − and glycine) and total free amino acids and uptake rates (B) of three different forms of nitrogen (NH 4 + , NO 3 − and glycine). The values are means ± SE of five replicates. Different letters above or around each symbol indicate significant differences among all five agetypes of rubber trees (P = 0.05).
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root h −1 ) and 24-year-old trees the lowest (5.87 ± 0.74 μg N g −1 d.w. root h −1 ) (Figure 2 ). Overall, younger rubber trees (7 and 16 years) had higher total N uptake rates than adult trees (24, 32 and 49 years, P ≤ 0.001). Uptake preferences were in the order: NH 4 + > glycine > NO 3 − across all plantation ages (Figure 3 ). Differences in uptake preferences between differently aged rubber trees were significant for all three N forms (P = 0.005 for NH 4 + , P = 0.010 for NO 3 − and P = 0.009 for glycine). Specifically, NH 4 + preferences were higher in younger rubber trees (74-75%; 7 and 16 years) than in old ones (47-56%; 24, 32 and 49 years). Patterns of uptake preferences for the second most important N source, glycine, were almost inverse to those for NH 4 + . Old rubber trees had significantly higher glycine preferences (37-47%; 24, 32 and 49 years) than younger trees (20-23%; 7 and 16 years). NO 3 − preferences of rubber trees were the lowest of all three N forms. The highest NO 3 − preference was~7% (24-year-old trees) and the lowest around 3% (7 years, P = 0.003). However, we found no regular changes in NO 3 − preferences between younger and old rubber tree stands but a maximum in intermediately aged trees (24 and 32 years) and minimum in the youngest and oldest ones (7 and 49 years ). In addition, soil glycine concentrations did not differ between rubber plantations, and ranged between 0.12 ± 0.01 μg g −1 after 16 years and 0.17 ± 0.06 μg g −1 after 32 years of rubber tree development (P = 0.792, Figure 1A ). Total FAA concentrations also showed no significant change with age of rubber tree plantations (P = 0.709, Figure 1A ). Glycine accounted for 6.7-9.0% of total FAA in soil water extracts, ranging among the top five most abundant amino acids in these soils. Arbuscular mycorrhizal colonization rates ranged between 39% and 55% and differed between sites (P = 0.007), with highest rates in old plantation stages (24 and 32 years) and lowest in youngest and oldest stages (Figure 2) . We found no significant correlations between mycorrhizal colonization rates and uptake rates of each of the three N forms and of total N (P = 0.269 for NH 4 + , P = 0.288 for NO 3 − , P = 0.239 for glycine and P = 0.232 for total N, Table 3 ). However, mycorrhizal colonization rates were positively related to NO 3 − preference (P = 0.041), though not to preferences for NH 4 + and glycine (P = 0.545 for NH 4 + and P = 0.763 for glycine). Moreover, we found no significant relationships between soil N concentrations and uptake rates or uptake preferences (Table 3) .
Discussion
In this study, monoculture rubber plantations of increasing age were selected in Xishuangbanna, China, to examine how root uptake rates and preferences for organic and inorganic N forms change with plantation age. This was achieved through 15 N exposure of intact roots in field hydroponic experiments. Previous Tree Physiology Online at http://www.treephys.oxfordjournals.org studies suggested that tropical tree species may prefer to take up NO 3 − over other N forms (Schimel and Bennett 2004) , however rubber trees did not conform to this pattern here. In this study, all investigated rubber trees showed a relatively similar uptake pattern, with uptake rates for NH 4 + > glycine > NO 3 − , independent of tree age. This indicates that rubber trees had a strong preference for NH 4 + , when roots were provided with equal concentrations of all three N forms, a pattern that was also recently found for thirteen tropical tree species investigated by similar techniques (Liu et al. 2017) . Additionally, significant shifts in the uptake rates of NH 4 + , NO 3 − or glycine were observed with tree age (Figures 1 and 3) .
There are two possible explanations for the above-mentioned changes in N uptake patterns with age. First, rubber trees of different age could have different N requirements for growth and thus show distinct capacities to take up available N from soil solution. Previous studies showed that young trees grow faster than adult trees (Borchert 1976) and therefore young trees have to acquire more nutrients from soil relative to their root biomass (Ryan et al. 1997) . Here, our study provides evidence for the above assumption as young rubber trees exhibited higher uptake rates of N than adult trees did (Figure 2 ). Additionally, due to the difference in physiological traits between young and old trees, young trees often allocate more carbon to root exudates in their rhizosphere (Jones et al. 2009 ) to mine nutrients through rhizosphere priming effects. We did not measure rhizosphere priming processes, but higher concentrations of soil NH 4 + in young plantation stages may indicate higher N mineralization as triggered by rhizosphere priming effects. Moreover, to optimize N acquisition from soils, rubber trees of different age may follow different strategies, e.g., showing shifts in their investment into root exudates vs mycorrhizal colonization (Figure 2) . Younger trees showed a greater preference to take up NH 4 + than older trees, contrasting with our hypothesis. This could be ascribed to the fact that plant NH 4 + utilization is less costly in terms of energy than NO 3 − utilization for younger trees because NH 4 + can be directly incorporated into amino acids while NO 3 − has to be reduced to NH 4 + before further assimilation into organic N. Second, latex tapping, the process by which latex is collected from a rubber tree, could remove a fraction of N from plantations and have potential to alter N uptake rates by plants. During latex tapping, latex is harvested through slicing a groove into the rubber tree bark at a quarter inch thickness with a hooked knife and peeling back the bark. In Xishuangbanna, tapping of rubber trees started at 8 years old at once every 2 days between April and October every year, and thus the number of latex tappings increased with plantation age since the starting of tapping. Longterm tapping could alter N uptake through affecting the fine root dynamics and physiology of rubber trees (Chairungsee et al. 2013 ). Meanwhile, tapping may lead to a nutrient transportation limitation below the tapping cut because of the disruption of the phloem tissues on this part of the trunk (Silpi et al. 2007 ). However, in this study we cannot distinguish the effect of number of tappings from the age effect because tapping is part of the normal management of rubber trees. Compared with 7-year-old rubber trees, soil NH 4 + concentrations were significantly higher at 16 years old, but NH 4 + uptake rates did not differ in both young age groups (Figure 1 ). This might be ascribed to the lower harvest amount of dry rubber latex, additional N fertilizer application and vigorous metabolism during the young age stage of 8-16 years. When rubber trees increased in age to >35 years old, the latex yields generally decreased compared with middle aged (24 and 32 years) rubber trees. This could cause an increase in concentrations of soil NH 4 + , together with N fertilizer applications, further affecting N uptake by rubber trees. The large amount of latex harvest in 24-year-old plantations linked to the removal of N with rubber latex could explain the intermittent decline of soil NH 4 + concentrations and the dramatic decrease of NH 4 + uptake rates.
Consequently, rubber trees might have to adjust their N uptake strategies to meet their N requirements. Moreover, soil glycine concentrations did not change with plantation age, although glycine uptake rates increased strongly with increasing tree age as Table 3 . Correlation analysis between mycorrhizal colonization rates, soil N concentrations and N uptake rates and uptake preferences. P values for significant effects and interactions are reported. Number in bold indicates that the effect was significantly different. hypothesized. Such phenomenon indicates that rubber trees might adjust their N uptake strategies, i.e., shift from NH 4 + uptake towards uptake of organic N to meet their N requirements. In contrast to glycine, soil NO 3 − concentrations were much higher and significantly changed with age while uptake rates remained stable. This indicates that uptake of NO 3 − by rubber trees could not be affected by its concentrations in soil. Low uptake of NO 3 − could be ascribed to high energy cost for the reduction of NO 3 − after its uptake.
Glycine uptake contributed~20-47% to the total N uptake across all plantation stages (Figure 3 ) when roots were provided with equal concentrations of all three N forms in solution. A previous study using microdialysis approaches showed that FAA have diffusion rates comparable to NH 4 + and NO 3 − in soil solution (Inselsbacher and Näsholm 2012) . This indicates that the contribution of FAA could be significant, but its relevance to rubber trees should be investigated using more amino acids with varying concentrations in soils. Nonetheless, we have to mention that hydroponic experiments have some flaws because they can destroy the rhizospheric microenvironment through removing associated microbes, decreasing oxygen concentration and increasing nutrient assession by roots. However, hydroponic experiment with a very short-term period (2 h) could primarily reflect uptake of available N by roots without the competition from associated microbes (Warren et al. 2003 , Warren 2006 . Therefore, this approach should be appropriate to evaluate the effect of age on uptake of available N, although the relevance under field conditions should be further clarified. Various other factors can affect uptake of N by plants. Among them, AM colonization is an important one because it can enhance plant uptake of N by roots (Hodge et al. 2001 , Hodge 2003 . Here, we showed that intermediate trees of 24 and 32 years of age had higher mycorrhizal colonization rates than young and old rubber trees (Figure 4) , which partially proved our hypothesis (except the decline at 49 years). Such mycorrhizal colonization patterns could be ascribed to greater carbon allocation to roots and mycorrhizae in rubber trees of intermediate age as previous studies showed that the amount of carbohydrate available to support a mycorrhizal fungal symbiont might increase with tree age (Dighton and Mason 1985) . However, further studies should be conducted to explore the mechanism underlying the difference in mycorrhizal colonization between different age groups of rubber trees. Numerous studies suggested that N uptake patterns are related to AM colonization (Sokolovski et al. 2002 , Alexander 2007 , Smith and Read 2008 , Miransari 2011 , Veresoglou et al. 2012 ), e.g., AM can help trees to acquire NO 3 − (Azcón et al. 1996, Azcón and Tobar 1998) , NH 4 + (Aerts and Chapin 1999 , Smith and Read 2008 , Wu et al. 2013 and organic N (Hodge et al. 2001 , Hodge 2003 . However, we did not observe any significant correlation between root AM colonization rates and uptake rates of either of the three N forms or of total N, disproving our hypothesis. The only significant (positive) correlation was between AM colonization rates and NO 3 − preference. Root AM associations have consistently been shown to increase plant NO 3 − uptake (Azcón et al. 1996, Azcón and Tobar 1998) . The lack of other effects on plant N uptake or preferences could be due to the damage of mycorrhizal fungal associations when intact roots were dug out, cleaned and put into tracer solutions in this study. An in-situ labeling experiment should be done to clarify the role of AM in rubber tree N uptake under field conditions. In tropical regions, losses via N leaching present a serious problem due to high precipitation and nitrification rates (Zhang et al. 1996, Wakida and Lerner 2005) , especially under fertilization conditions. Among the various N forms, NO 3 − has the highest mobility in soil solution. Although efficient uptake of NH 4 + might reduce nitrification processes in early plantation stages, high NH 4 + concentrations could trigger hydrological losses via nitrification. Low efficient uptake of NO 3 − by rubber trees could increase leaching of NO 3 − in rubber plantations and further cause eutrophication (Van Groenigen et al. 2015 , Liu et al. 2017 ) and low ecosystem N-use efficiency. Tree Physiology Online at http://www.treephys.oxfordjournals.org
The N uptake pattern over the age of rubber trees could be related to that of absorption roots, which can affect root physiology. However, we cannot rule out this effect because the roots used for N uptake measurements could have different proportion of new and old roots. In future, more studies should be done to determine the age effect of absorption roots on N uptake under field conditions. In summary, all investigated rubber trees used NH 4 + as the dominant N source independent of age, in the order of NH 4 + > glycine > NO 3 − . Young rubber trees had higher NH 4 + and lower glycine preferences than adult trees. All targeted rubber trees, especially older ones, utilized organic N in the form of glycine from soil solution as an important N source. Significant correlations were observed only between AM colonization rates and NO 3 − preference. These findings indicate that N uptake patterns shift with age of rubber trees and might be influenced by their changes in N requirements, by N losses via rubber tapping or shifts in carbon allocation to mycorrhizal symbionts. To reduce N pollution and to increase N-use efficiency in rubber plantations, the age factor and shifts in N preference should be taken into account for rubber management. Nitrification inhibitors and some understory shrubs which prefer NO 3 − uptake could be used to improve N-use efficiency based on rubber trees' NH 4 + preference.
